Abstract Hepatitis C (HCV) is a viral disease affecting millions of people worldwide, and persistent HCV infection can lead to progressive liver disease with the development of liver cirrhosis and hepatocellular carcinoma. During treatment for hepatitis C, the occurrence of viral resistance is common. To reduce the occurrence of resistance, new viral treatments should target both viral and cellular factors. Many interactions occur between viral and host proteins during the HCV replication cycle and might be used for the development of new therapies against hepatitis C. Heat shock protein 90 (Hsp90) plays a role in the folding of cellular and viral proteins and also interacts with HCV proteins. In the present study, we knocked down the expression of the Hsp90 gene and inhibited viral replication using siRNA molecules. Reducing the expression of Hsp90 successfully decreased HCV replication. All siRNA molecules specific to the viral genome showed the efficient inhibition of viral replication, particularly siRNA targeted to the 5′UTR region. The combination of siRNAs targeting the viral genome and Hsp90 mRNA also successfully reduced HCV replication and reduced the occurrence of viral resistance. Moreover, these results suggest that an approach based on the combination of cellular and viral siRNAs can be used as an effective alternative for hepatitis C viral suppression.
Introduction
Hepatitis C is caused by infection of the hepatitis C virus (HCV) , and the precise number of individuals infected with HCV worldwide is unknown. However, it has been estimated that between 64 and 103 million people are chronically infected with HCV (Gower et al. 2014) . Persistent HCV infection leads to progressive liver disease with the development of liver cirrhosis and hepatocellular carcinoma, potentially accounting for up to 0.5 million deaths annually (Lozano et al. 2012) .
HCV is a member of the Flaviviridae family and is a relatively small enveloped virus with a positive-sense, singlestranded RNA genome (Giannini and Brechot 2003) . The viral RNA encodes a polyprotein, which is cleaved by cellular and viral proteases to create structural (Core, E1, E2, and p7) and non-structural proteins (NS2, NS3, NS4A, NS4B, NS5A, and NS5B) (Bartenschlager et al. 2004; Giannini and Brechot 2003) . The variability of viral RNA enables the classification of HCV into six genotypes (1 to 6) and several subtypes epidemiologically associated with risk factors and geographical areas (Simmonds 2013) .
For many years, a combination of interferon and ribavirin has been used for the treatment of hepatitis C patients, but in addition to the side effects, this treatment displays low efficacy (Chou et al. 2013) . Since 2011, direct acting antivirals (DAAs) have been made available for the treatment of chronically infected HCV individuals. These new drugs represented Electronic supplementary material The online version of this article (doi:10.1007/s12192-016-0747-8) contains supplementary material, which is available to authorized users. a great breakthrough in HCV therapy, as patients treated with this drug can achieve sustained virologic response rates over 90 % for most viral genotypes (Sulkowski et al. 2014) . However, in addition to the excessive costs of the DAA therapy, there are severe side effects, which are often the reason for the discontinuation of treatment before successful elimination of the virus (Imran et al. 2014) . Moreover, pre-existing resistant HCV variants for these DAAs have been reported .
During viral replication, many cellular proteins are needed. Heat shock protein 90 (Hsp90/HSPC) plays a key role in folding and maintaining the conformational integrity of a wide range of cellular proteins (Kampinga et al. 2009; Taipale et al. 2010) . In mammalian cells, there are two isoforms of Hsp90, including the stress-inducible isoform (Hsp90alpha/HSPC2) and the constitutively expressed isoform (Hsp90/HSPC3), which are encoded by different genes (Chen et al. 2005) . It has been shown that many viruses use the host's chaperones in the viral replicative cycle, and these proteins might be involved in different stages of the viral cycle, including the entry, biogenesis, and assembly of viruses (Moriishi and Matsuura 2007; Tai et al. 2009 ). Other studies also have shown that Hsp90 forms a complex with NS5A HCV protein and FKBP8 (a folding and trafficking gene), which is essential for HCV replication (Okamoto et al. 2006) . Notably, Nakagawa et al. (2007) demonstrated that the downregulation of Hsp90 in Huh-7 cells expressing subgenomic replicon Con-1 (genotype 1) significantly reduced HCV replication and no cellular cytotoxicity or interference on cellular proliferation or apoptosis has been reported.
The post-transcriptional silencing mechanism of the RNAi pathway is a promising alternative for the inhibition of viral replication (Motavaf et al. 2012) , and studies using siRNA against hepatitis C virus have shown promising results (Carneiro et al. 2015; Prabhu et al. 2005; Yokota et al. 2003) . However, as a result of the high mutation rate of HCV RNA, siRNA molecules may become ineffective after longer treatments. One alternative to prevent the selection of RNAi resistant viral mutants would be the use of siRNA molecules directed to more conserved regions of the viral genome and the combination with siRNAs to host proteins involved in the viral replication cycle (Samreen et al. 2012) . Based on this approach, Bian et al. (2012) showed that the use of siRNA molecules targeted to the hepatitis B viral genome combined with siRNA to Hsc70 (HSPA8), a member of the heat shock protein 70 gene family, successfully reduced viral replication.
Therefore, because heat shock protein Hsp90 plays an important role in HCV replication, this protein might be a good target for HCV drug development (Nakagawa et al. 2007 ). Moreover, combination therapies against both the virus and host genes that support viral replication are likely to represent a valid approach for the treatment of hepatitis C (Khaliq et al. 2010) . Thus, in the present study, we examined Hsp90 inhibition in combination with siRNA directed to the HCV genome to reduce HCV replication.
Materials and methods

Cell culture and HCV replicon cells
The human hepatoma cell line Huh-7.5 was cultured in Dulbecco's Modified Eagle's medium (DMEM) (SigmaAldrich, St. Louis, MO, USA) supplemented with 10 % fetal bovine serum (Cultilab, Campinas, SP, Brazil), 1 % (v/v) nonessential amino acids (Gibco Life Technologies, USA), 100 units/mL of penicillin, and 100 μg/mL of streptomycin (Invitrogen, Grand Island, NY, USA) at 37°C in 5 % CO 2 atmosphere.
The replicons used in the present study were SGR-Feo-JFH-1, a bicistronic subgenomic replicon based on the JFH1sequence, which possesses the firefly luciferase gene fused to a neomycin resistance gene and non-structural HCV proteins (Wyles et al. 2009 ) and the JFH-1 replicon, a full HCV genome construct (Wakita et al. 2005) .
After the linearization of plasmids using XbaI (NEB-New England Bio Labs, Ipswich, MA, USA) and treatment with mung bean nuclease (NEB-New England Bio Labs, Ipswich, MA, USA), the RNA was transcribed with the T7 RiboMAX™ Express Large-Scale RNA Production System (Promega, Madison, WI, USA). Huh-7.5 cells were electroporated with either SGR-Feo-JFH-1 or JFH-1 RNA. Cells expressing SGRFeo-JFH-1 were selected for 21 days with 800 μg/mL G418 (Sigma-Aldrich, St. Louis, MO, USA). The supernatant of the electroporated JFH-1 cells was collected at 17 days after electroporation and subsequently stored. For all experiments, the cells were plated at 24 h prior to the start of treatments at initial following cell densities: 1 × 10 5 cells/well for a 6-well plate and 5 × 10 3 cell/well for a 96-well plate.
RNAi molecules and transfection
For knocking down Hsp90 mRNA, a commercial siRNA was obtained (SC-35608, Santa Cruz Biotechnology, Dallas, TX, USA). This siRNA product consists of a pool of three to five target-specific 19-25 nt siRNAs designed to knockdown gene expression of HSP90alpha/HSPC2 and HSP90/HSPC3. For the inhibition of the viral genome, we generated four siRNA molecules using siDirect 2.0 software (Naito et al. 2009 ) for different regions of the HCV genome: siRNA 278 (5′UTR), siRNA 361 (5′UTR), siRNA 5010 (NS3), and siRNA 6652 (NS5A). All HCV siRNAs were synthesized at SigmaAldrich (St. Louis, MO, USA). As a control, we used a commercial negative control (siRNA#1-NC1) (Applied Biosystems, Foster City, CA, USA), with no specificity to any HCV sequence used or cellular mRNA in the present study. Different siRNA concentrations (0.1, 1, 5, 15, or 25 nM) were transfected into the cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) following the manufacturer's instructions.
Cell viability
The cellular cytotoxicity of siRNA molecules was determined using an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay (Sigma-Aldrich, St. Louis, MO, USA). Cytotoxicity was assessed in 96-well plates at 72 h after the cells were transfected with siRNAs. Shortly, after the appropriate incubation time, the supernatant was removed, and 100 μL of 1 mg/mL of MTT reagent was dissolved in FBS-free DMEM culture medium and added to the cells. After 30 min at 37°C, the MTT solution was removed, and 100 μL of DMSO was added (Sigma-Aldrich, St, Louis, MO, USA). The absorption measurements were performed at 562 nm on a spectrophotometric plate reader (FLUOstar Omega/BMG LABTECH, Offenburg, BW, DE)
RNA isolation and qPCR
Total RNA from siRNA-transfected cells was extracted using TRIzol reagent (Life Technologies, Carlsbad, CA, USA), and 2 μg of extracted RNA was used for cDNA synthesis with the High-Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA, USA). The gene expression levels and HCV replication rate were determined by real-time PCR using Maxima SYBR Green/ROX qPCR Master Mix (Thermo Scientific, CA, USA). The primers for Hsp90α, Hsp90β (Yao et al. 2010) , and HCV were used, and GAPDH gene expression was analyzed as an endogenous control. The sequences are described in the supplementary material. The value of the relative expression was obtained after calculating ΔΔCt.
Luciferase assay
To assess the HCV replication level, we evaluated the luciferase activity of stably transfected Huh-7.5/SGR-Feo-JFH-1 cells. After siRNA treatment for 72 h, the cells were disrupted with 30 μL of passive lysis buffer (Promega, Madison, WI, USA), and the luciferase substrate (Promega, Madison, WI, USA) was automatically added to each plate well. Luciferase activity was measured using a luminometer (FLUOstar Omega/BMGLABTECH, Offenburg, BW, DE), and a BCA™ protein assay kit (Thermo-Scientific, Rockford, IL, USA) was used to normalize the protein concentrations.
Western blot analysis
The proteins were extracted from siRNA-treated cells using Cellytic MT Lysis reagent (Sigma-Aldrich, St. Louis, MO, USA) supplemented with a protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA). Total protein extract was quantified using a BCA™ protein assay kit (Thermo Scientific, Rockford, IL, USA) following the manufacturer's instructions. Proteins (6 μg) were subjected to electrophoresis on 10 % denaturing polyacrylamide gels (SDS-PAGE) and transferred to PVDF membranes (Millipore, Bedford, MA, USA). After blocking with 5 % (w/v) non-fat milk diluted in TBS-T, the membranes were incubated with the following primary antibodies: anti-NS3 at a 1:3000 dilution (ab65407, Abcam, Cambridge, MA, USA) and anti-GAPDH at a 1:5000 dilution (ab8245, Abcam, Cambridge, MA, USA) overnight at 4°C, followed by further incubation with a secondary rabbit polyclonal antibody to mouse IgG (H&L; HRP) at a 1:2000 dilution (ab6728, Abcam, Cambridge, MA, USA). The membrane was finally incubated with the Pierce ECL Western Blotting Substrate (Thermo-Scientific-Pierce, Rockford, IL, USA), and luminescence was captured using a Chemi-Doc System (Bio-Rad, Philadelphia, PA, USA). The band intensity was analyzed using ImageLab 4.1 software.
Long-term siRNA treatment and resistance assay First, we evaluated the effect of a single transfection using the selected siRNA for 17 days. To this end, Huh-7.5SGR-Feo-JFH-1 cells cultured in 2 % FBS DMEM were seeded (5 × 10 5 ) onto a 6-well plate (day 0) and after 24 h were transfected with siRNA (day 1). On day 3, selection began, using the antibiotic G418 (1 mg/mL) in the culture media, which were replaced every 2 days. Upon reaching confluence (day 6), the cells were sub-cultured at 1:4 and maintained under selection until the 17th day. The cells were fixed with 10 % formaldehyde and stained with 0.01 % crystal violet.
Subsequently, we evaluated the effect of repeated treatments on viral resistance. To this end, Huh-7.5/SGR-Feo-JFH-1 cells cultured in 2 % FBS DMEM were seeded (1 × 10 5 ) onto 6-well plates (day 0). The cells were transfected with siRNA on days 1, 6, and 9. From day 3, the cells were treated with G418 (1 mg/mL) and subsequently fixed and stained on day 17 as previously described.
Statistical analysis
Three independent experiments were performed in triplicate. The results of the inhibition of SGR-Feo-JFH-1, JFH-1, and MTT were calculated as a percentage of the mock (medium with Lipofectamine reagent only). All statistical analyses were performed using one-way ANOVA, followed by Tukey's post-test using GraphPad Prism 5.0 software (GraphPad Software, San Diego, CA, USA). A P value <0.05 was considered statistically significant.
Results siRNA silencing
In the present study, four different siRNA molecules were designed to knockdown the HCV coding sequence. The RNAi were developed based on the JFH-1 sequence. The first molecule (siRNA 278) was directed to the 5′ untranslated region (5′UTR) of the virus, corresponding to nucleotides 278-296. This siRNA is complementary to six genotypes (1-6) of hepatitis C virus. The second (siRNA 361), also located in the 5′UTR at positions 361-379, was complementarity with genotypes 2a and 3. The siRNA 5010, targeting the region 5010-5028, was specific to genotypes 1 and 2a, in which the coding sequence of the NS3 protein is inserted. The siRNA6652 is specific for the regions 6652-6670 in NS5A protein, and this molecule is exclusive to genotype 2a (Fig. 1) . The siRNA sequences are described in the supplementary material 1.
To knockdown the genes encoding Hsp90 protein isoforms, Huh7.5 cells were transfected with a commercial pool of siRNAs designed to knockdown gene expression simultaneously. The efficiency of siRNA Hsp90 was evaluated after 72 h based on qPCR analysis of the mRNA expression levels of Hsp90α and Hsp90β genes. In the presence of siRNA Hsp90, the gene expression of Hsp90α and Hsp90β was reduced 3 Log 2 at a 15 nM concentration (Fig. 2) .
SGR-Feo-JFH-1 expression and MTT assay
The siRNA molecules were subsequently examined for anti-HCV activity using a luciferase assay. All four siRNA molecules targeting the virus and Hsp90 were effective in reducing SGR-FeoJFH-1 replication (Fig. 3) . To confirm this result, the expression of NS3 protein was evaluated by Western blotting using a monoclonal anti-NS3 antibody. All siRNAs, including the Hsp90 siRNA, reduced NS3 expression at least 50 % at a 1 nM concentration, and the levels of inhibition increased in a dose-dependent manner.
The siRNA 361 efficiently inhibited HCV replication, reducing the luciferase activity more than 95 % at a 1 nM concentration. The siRNA 278 inhibited approximately 80 % at 1 nM and exhibited more than 90 % inhibition at higher concentrations. Transfection with siRNA 5010 inhibited HCV replication 30 % at 1 nM, and 70 % inhibition was observed at a 5 nM concentration; siRNA 6652 showed similar results.
To evaluate the cytotoxicity of the RNAi molecules, the cells were transfected with the four siRNAs to HCV, Hsp90 siRNA, and a negative control at the same concentrations for the luciferase assay. After 72 h, no significant cellular cytotoxicity was observed for any siRNA molecule.
JFH-1 expression
To determine whether the siRNA molecules are also efficient in the context of a full-length virus, Huh-7.5 cells were transfected with siRNAs under the same conditions used for the sub-genomic replicon assay. The cells were transfected with siRNA molecules, and after 24 h, the cells were infected with a JFH-1 containing supernatant at an MOI of 0.1. The analysis of the levels of intracellular viral RNA content obtained using qPCR showed better inhibition rates compared with the subgenomic virus. The siRNA 278 and siRNA 361 showed the most satisfactory results, inhibiting viral replication at the lowest concentration tested (20 and 23 %, respectively) (Fig. 4) . The results of Western blotting were consistent with HCV expression in the presence of siRNA molecules.
Combination of siRNA molecules
To verify whether the siRNAs are also efficient in combination, we transfected either SGR-Feo-JFH-1 stable or JFH-1-infected cells with Hsp90 siRNA and one siRNA specific to viral RNA. Based on the higher efficiency observed in the previous assays, siRNA 278 and siRNA 361 were used at 1 nM in these experiments. The results of luciferase and Western blot assay using SGR-Feo-JFH-1 cells demonstrated that the combined transfection of siRNAs 361 and Hsp90 was efficient (7.6 % of RLU) compared with the single transfection with siRNA Hsp90 only (48 %). The results with JFH-1 infected cells showed that siRNA 361 in combination with siRNA Hsp90 (7.8 % of HCV expression) was more efficient than the use of molecules singly (9 % to siRNA 361 and 54 % to siRNA Hsp90). Furthermore, we also observed a reduction in viral replication in the combination of molecules siRNA 278 with siRNA HSP90 (11 %) (Fig. 5 ).
Long-term siRNA treatment
We further evaluated the selection of resistant cells treated with siRNA molecules after treatment with G418, which facilitates the selection of cells containing the replicon HCV FEO-JFH-1) . The continuous use of drugs for hepatitis C treatment might favor the selection of resistant clones, and to assess the effect of siRNAs, we performed repeated treatments. The results of long-term tests using three consecutive transfections showed no differences between siRNA 278 alone (21 % of viral inhibition) and the combination of siRNA 278/ Hsp90 (24 %). However, the use of siRNA 361 combined with siRNA Hsp90 (74 %) suppressed the occurrence of resistant colonies compared with isolated siRNA 361 (59 %) (Fig. 6) . Finally, the combination of two viral siRNA reduced virus replication less efficiently, when compared to siRNA Hsp90/361 mix (supplementary material 2).
Discussion
Hepatitis C is a viral disease affecting millions of people worldwide, and it is the major disease leading to liver transplantation. This virus develops resistant mutations, thereby inducing drug resistance to antivirals targeting viral proteins; thus, these adaptive mutations might be selected in the presence of compounds directed against viral replication. These adaptive mutations might also occur in treatments with RNA interference, but studies have shown that the combined use of RNAi molecules was efficient in preventing viral escape (Konishi et al. 2006) .
Another strategy to avoid viral resistance is to focus on therapies targeting the host. Many studies have demonstrated interactions between viral and host proteins during the HCV replication cycle, and these interactions can be used for the development of new therapies for the treatment of hepatitis C (Imran et al. 2014) . In the present study, we analyzed the interference of HCV replication by RNAi molecules (siRNA) targeted to viral regions and a host gene from the chaperone family (Hsp90), which is important in viral replication. The reduced HCV expression observed in the RNAi negative control NC1 at concentrations higher than 5 nM might reflect an off-target effect, as this molecule has no specificity to the JFH-1 sequence or any other human mRNA. Although the cell viability assay showed no cytotoxicity at this concentration, this result might reflect the fact that siRNA can silence other non-specific genes. This off-target effect can be diminished using siRNA concentrations as low as 1 nM (Caffrey et al. 2011 ), and we used this concentration to assess the efficiency of the siRNA molecules used in the present study.
The inhibition of Hsp90α and Hsp90β genes by siRNA was confirmed using qPCR. Geldanamycin (GA) and its derivatives also exhibit Hsp90 inhibition activity (Li et al. 2014; Stebbins et al. 1997 ), but we selected siRNA molecules because of the silencing specificity of these molecules and to avoid the side effects typically resulting from treatment with the drug. Generally, Hsp90 is highly expressed in carcinoma cells and plays an important role in malignancy for the maintenance of the stability and activation states of oncogenic client proteins (Haupt et al. 2012; Workman et al. 2007 ).
However, it should be noted that Hsp90 participates in many essential cellular processes and its inhibition could cause serious side effects (Prodromou 2016; Taipale et al. 2010 ). An alternative to reducing these effects would be the use of nanocarriers that can be targeted to specific target cells. Some studies have shown the use of nanoparticles in the delivery of RNAi for HCV (Duan et al. 2016; Torrecilla et al. 2016) .
The knockdown Hsp90 reduced viral replication (SGRFeo-JFH-1 and JFH-1), and other studies have also demonstrated this finding using siRNA for Hsp90α and Hsp90β or chemical compounds, such as GA (Nakagawa et al. 2007; Ujino et al. 2009 ). The interference of viral replication might reflect Hsp90 physically interacting with the NS2 and NS3 viral proteins, preventing the degradation of NS3 through the proteosomal pathway (Ujino et al. 2009; Waxman et al. 2001) . Furthermore, HSP90 interacts with several other oncogenic viruses, such as hepatitis B virus (HBV), Epstein-Barr virus (EBV), and Kaposi's sarcoma-associated herpes virus (KSHV), demonstrating the importance of this protein in viral processes (Beck and Nassal 2003; Sun et al. 2010; Wen and Damania 2010) .
Many studies have demonstrated that HCV can be efficiently inhibited by RNAi, and in the present study, the use of siRNA molecules directed against the viral genome effectively suppressed HCV replication, particularly siRNA 361 targeting the 5′UTR. The target site of this siRNA is Fig. 6 Long-term siRNA treatment in Huh7.5/SGRFeo-JFH-1 cells cultured in DMEM containing 2 % FBS. The cells were treated three times with siRNA molecules, followed by selection with G418 and staining after 17 days. The densitometry of the wells was performed using ImageJ software conserved between genotypes 2a and 3 of HCV, which exhibit worldwide distribution (Gower et al. 2014) . Based on the level of sequence conservation among different HCV genotypes, the IRES of the 5′UTR represents a promising RNAi target site (Brown et al. 2005) . The relatively conserved nature of these regions suggests their functional importance in the viral life cycle, and point mutations in that region are less likely to occur (Radhakrishnan et al. 2004) .
We observed the reduced activity of siRNA 5010 and siRNA 6652, likely reflecting the physical accessibility of certain mRNA structures as important determinants in the gene silencing of siRNAs (Gredell et al. 2008) . The secondary structures of the target sites in mRNAs strongly reduce siRNA-mediated RNAi activity (Overhoff et al. 2005) . This hypothesis may also explain why the combination of Hsp90 and 361 siRNAs had a better result in long-term assay when compared to Hsp90 and 278 siRNAs mix. Although all HCV RNA structures are incompletely characterized, many regions of the genome are highly structured, likely reflecting the differences observed in the efficiency of siRNA molecules (Li et al. 2015) .
Still on the efficiency difference observed in long-term treatment with siRNAs Hsp90 and 361 or 278, although the viral molecules are directed to the 5′UTR region of the virus, a highly conserved part of the genome, this site is also subject to mutation (Araujo et al. 2008; Bukowska-Osko et al. 2015) , and therefore, an siRNA targeted to specific mutated region could have its efficiency decreased. Consequently, a mutation in the target region of the molecule 278 may have impaired this siRNA in the long-term test.
Many antiviral drugs for HCV eventually become ineffective after a period of treatment by promoting the selection of resistant mutations. This effect has also been observed for siRNAs, and studies have demonstrated the occurrence of resistant mutants with the isolated use of siRNA; however, the use of two molecules together were effective in eliminating the development of resistance (Chandra et al. 2012) . Because the mutation rates are lower in the host than in viruses, many studies have focused on cellular proteins to inhibit viral replication.
Thus, we combined siRNA molecules directed against the virus and siRNA to Hsp90. Although the qPCR results showed the individual high efficiencies of siRNA 278 and 361 when used alone, in combination with HSP90, the repeated transfection in long-term assays showed a reduced number of resistant cells. The siRNA 278 reduced viral replication, as shown by qPCR, but the continued use of this molecule was not efficient in suppressing the occurrence of resistance. The siRNA 361 also efficiently reduced the occurrence of resistant colonies. In combination with Hsp90 siRNA, this molecule also achieved the best results in viral suppression (qPCR and prolonged test). These results are consistent with the data from previous studies suggesting that the combination therapy of cellular and viral targets is more effective in suppressing the occurrence of viral resistance. Bian et al. (2012) demonstrated the same approach for hepatitis B virus (HBV), showing that the use of siRNA molecules targeted to this virus in combination with siRNA directed against the heat shock protein Hsc70 was more effective than individualized treatment.
Conclusion
In the present study, we demonstrated that siRNA 361, a molecule targeted to the 5′UTR region, showed excellent levels of viral suppression in SGR-Feo-JFH-1 and JFH-1 models, and in combination with Hsp90 siRNA, this molecule reduced the amount of resistant clones, representing a powerful reduction of HCV replication. However, additional studies are needed to achieve a safe and effective therapy for hepatitis C.
